The paper proposes a novel adaptive radio-over-fiber (RoF) system for next-generation cloud radio access network (C-RAN), aiming to optimize the operation cost in terms of power consumption while maintaining required data rate. By jointly considering the nonlinear distortion from Mach-Zehnder modulator (MZM) and high power amplifier (HPA) due to high peak-to-average-power ratio (PAPR) in the electronic domain, we first provide a 2 × 2 multiple-input mulitple-output orthogonal frequency division multiplexing (MIMO-OFDM) baseband model on electrical SNR (ESNR) for a single RoF transmission line. To take the modulation levels into consideration, we provide the optical signal to noise ratio (OSNR) analysis that jointly considers the electrical SNR (ESNR) model and the non-linear effect of the optical transmission. This optical SNR (OSNR) analysis result is further used in the subsequent power consumption model for both the downlink and uplink of the considered RoF transmission system. Case studies via simulation and numerical experiments are conducted to verify that the proposed RoF system not only can reach the lowest power and spectrum consumptions at same time, but also consumes considerably less power than current RoF system.
Introduction
Today's wireless traffic is dominated by IP-based multimedia services and applications, which have caused significant burdens on the radio access networks (RANs). Enlarging the system capacity is a simple remedy that could nonetheless cause poor equipment utilization and low energy efficiency at the base stations (BSs) due to high traffic fluctuation and network dynamics. The stringent demand on quality of service (QoS) further leaves the legacy RANs an awkward situation in dealing with the application scenarios envisioned in the near future.
Cloud RAN (C-RAN), defined with LTE-Advance and those under the banner of 5G, aims to resolve the bandwidth thirsty of the current RANs while achieving high network responsiveness and QoS provisioning. With channel bandwidths up to 100 MHz and the downlink peak rates of 1 Gb/s, four radio channels per direction comparing to current CPRI-based digital transmission approaches, radio over fiber (RoF) systems are considered as a good counterpart for centralized wireless infrastructure of C-RAN in the next-generation mobile communications. This paper investigates an energy-efficient RoF system as the backbone transmission technique for the C-RAN [5] . Different from all the previously reported research, the proposed RoF system employs a 2 × 2 MIMO module and coherent optical orthogonal frequency division multiplexing (CO-OFDM) transmission technology. Thanks to the partially overlapped subcarriers and high tolerance to chromatic dispersion (CD) and polarization mode dispersion (PMD), the CO-OFDM transmission system demonstrates superb spectrum efficiency and bandwidth slicing flexibility. By provisioning radio access via CO-OFDM-based optical channels, the resultant RoF system is shown with great potential to achieve improved service provisioning granularity without losing data capacity compared with legacy WDM-based RoF systems.
The rest of the paper is organized as follows. Section 2 provides a comprehensive review on the enabling technologies for the proposed RoF system. Section 3 presents the proposed RoF system for next-generation C-RAN and provides a multi-input-multi-output OFDM (MIMO-OFDM) baseband model for simulating the end-to-end RoF system, followed by OSNR calculation and power consumption analysis in Section 4. Section 5 shows the case study results that compares the proposed MIMO-OFDM transmission system. Section 6 concludes the paper.
An overview
The section provides a high-level overview on the proposed research regarding C-RAN and RoF.
Cloud radio access network (C-RAN)
Under the current distributed antenna systems (DAS) architecture, each BS serves as a layer-2 switch by providing baseband processing functions and is further connected to the remote radio unit (RRUs) via a high-speed link, also referred to as front-haul. Such a distributed network architecture has been considered short of flexibility and dynamic configurability for fluctuating traffic demand and multiple wireless standards, coverage, and frequency spectrum [6] . Further, since a cooling system has to be in each BS due to the presence of the processing unit, nontrivial power consumption is incurred in presence of a large number of cells.
C-RAN mitigates the abovementioned problems by centralizing the baseband processing functions in the centralized unit, in which a processing unit pool is created in order to accommodate the baseband processing units of all the BSs under its cell site. With this, the capacity of baseband units (BBUs) pooled at the central unit can be dynamically and elastically allocated with sufficient flexibility. In the meantime, advanced co-processing and synchronization techniques can be easily deployed due to the centralized and pooled BBUs, such as heterogeneous networks and co-operative multi-point (CoMP). On the other hand, the RRUs of each BBU are distributed across a wide area and are connected with the BBU via high-speed links, which are also referred to as front-hauls. According to the current industry practice, common public radio interface (CPRI) protocol, defined under 3GPP, is used on optical fibers to support these front-haul links.
The CRPI front-hauls and the C-RAN backbone are generally supported by WDM technology for exploring larger capacity and guaranteed QoS. Due to the highly dynamic environment, nonetheless, the WDM-based C-RAN could waste a significant amount of energy and be subject to low channel utilization on optical transmissions that have to over-provision to meet the stringent QoS and bandwidth requirements. Another problem due to the use of digital front-haul link is caused by analogdigital conversion that naturally increases the end-to-end latency and hardware complexity. Thus, making the optical transmissions adaptive and software programmable according to the traffic variation is critical to the design of the next-generation C-RANs. It has been widely reported that we can dynamically manipulate a number of configurations/parameters of an optical OFDM transmission line to achieve better energy and spectral efficiency [7] , and these parameters include the modulation format, the code rate of the forward error correction (FEC), the symbol rate (per subcarrier), the number of polarizations per wavelength, and the number of OFDM subcarriers. Such adaptive transceivers are expected to efficiently allocate spectral bandwidth in the presence of highly dynamic traffic demands.
Radio-over-fiber (RoF)
Instead of conventional CPRI-based digital link, the study considers the RoF technique for the high-speed fronthaul link in-between the central unit BBU pool and each remote radio unit (RRU). An RoF system is characterized by simple and lower-power RF transmitters as well as capability for dynamic resource allocation and mobility management [8] , which demonstrates numerous merits against its counterparts. In spite of smaller radio ranges due to limited amplification function at the RF transmitter, it offers very low implementation cost and is considered more suitable for supporting multiple wide-band radio channels than the CPRI [4] .
Coherent optical OFDM-based MIMO-RoF is an advanced implementation of the RoF technique [9] , thanks to the robustness of MIMO channel and the nature of multiple access in employing OFDM (or referred to as OFDMA). It is clear that transporting multiple subcarriers at the same wavelength (i.e., SCM) and possibly multiple wavelengths multiplexed (i.e., WDM) through the RoF links is more challenging than the CPRI transmission and thus takes more careful designs and control/management. Similar to digital CPRI, a RoF link is typically subject to optical component nonlinearities and fiber chromatic dispersion, as well as difficulties in implementing remote control with a large number of RRUs. Although these limitations can be overcome by providing dedicated wavelengths to each RRU, it turns out to be a rather costly solution subject to a scalability problem when the number of RRUs is increasing. To provide fine granularity of bandwidth without losing scalability, a RoF transmitter could correspond to multiple RRUs by implementing a point-tomultipoint optical network architecture, such as passive optical networks (PONs). As shown in Fig. 1 , long-reach bidirectional RoF transmission system was demonstrated in [10] , where the 65 km feeder extension of the single mode fiber (SMF) type is added to the PON with passive splitters for multi-wavelength overlay.
Proposed RoF transmission system for next-generation C-RAN
It is clear that the state-of-the-art RoF schemes, such as in [10] , aim to support a rather small distribution range (e.g., < 85 km), conservative modulation schemes (e.g., 64-QAM or lower), and narrow channel bandwidth for downstream (20 MHz), which fail to serve in 5G mobile systems targeting wider channel bandwidth (100 MHz) and higher levels of modulation scheme (256-QAM). To meet the requirements of future C-RAN, the paper investigates an advanced RoF transmission system. As shown in Fig. 2 , the proposed 2 × 2 MIMO-RoF system is featured with polarization division multiplexing (PDM) technology for increasing the number of provisioned BSs, as well as coherent optical (CO) detection [11] at the receiver for achieving high data rate and long distance transmission. One most important feature is that the transmit power, modulation scheme, and the number of subcarriers for each optical layer transmission can be adaptively determined and software programmed. With this, an intelligent configuration strategy should be in place in order to make transmission efficient and effective. Note that the employment of coherent detection using local oscillator (LO) laser in the receiver, although signifiantly improved the transmission quality, will inevitably raise the system cost. Thus, the proposed system is suitable for provisioning large-scale antenna arrays that are over several tens of kilometers from the baseband unit (BBU) pool.
The rest of the section presents the mathematical expressions of some important devices along the data path.
Baseband models for RoF transmission system
As shown in Fig. 3 , a 2 × 2 MIMO-OFDM baseband model for simulating the required ESNR of end-to-end RoF transmission system is developed by jointly considering nonlinear distortion from both Mach-Zehnder modulator (MZM) and high power amplifier (HPA) due to high PAPR.
PAPR in OFDM
Consider an OFDM transmission with L subcarriers at the frequencies {f l , l = 1, · · · , L}. Assigned to the subcarriers at {f l , 1 ≤ l ≤ L} are, respectively, the M-ary data symbols {x l , l = 1, · · · , L} or 0, which are independent and identically distributed random variables with zero mean and variance P.
Let T be the modulation interval and LT be the duration of an OFDM symbol (excluding the guard interval). The OFDM-signal's complex envelope can be expressed as: 
assuming the above is an idealized rectangular timedomain window, and the cyclic-prefix extension of x(t) would not alter the PAPR. The PAPR of the continuous-time signal x(t) is defined as:
where E[ ·] denotes the expectation value.
Electrical power amplifier model
A memoryless nonlinear HPA with a "soft limiter" inputoutput relationship is employed. For a complex-value input y, the output equals (|y|)e j∠y [12] , where:
The "clipping ratio" is defined as γ = A √ P in [12] , where P in denotes the average power of the input signal,γ = 3 dB.
Optical MZM model
As a waveguide-based external modulator, MZM is a device widely employed in optical OFDM systems with chirp-free signals for achieving high data rate transmissions. As shown in Fig. 2 , the optical OFDM signal is modulated based on the electrical OFDM signal by using the MZM. The modulation process is nonetheless subject to nonlinear and peak-limited transfer characteristics.
When using differential input data in a push-pull configuration, the transfer function of a single-drive MZM is given by [13] :
where E in (t) and E out (t) are the input and output in optical field, respectively; V (t) is the electrical OFDM signal; and V π is the required voltage difference applied to a single 
The baseband equivalent polynomial model for the output electrical field of the MZM is given as:
where x k and y k are the discrete vectors of the applied voltage and the output voltage at the MZM, respectively; q is the order of nonlinearity; and α q is the odd coefficient of the MZM nonlinear transfer function with an operating region 3V π ± V π (i.e., at the null intensity bias point), whose output signal is approximated as a third order polynomial [14] .
Optical SNR calculation
By assuming an ideal detection of optical OFDM-MIMO system and the line-widths of the transmit/receive lasers to be zero, the study takes the relation between the SNR in the optical domain (OSNR) and the electrical SNR (ESNR) at ideal coherent receiver as follows [15] : (6) where B ref is the reference bandwidth used for the OSNR measurement (≈ 12.5 GHz for 0.1-nm bandwidth around 1550 nm); M is the constellation size of M-ary quadrature amplitude modulation (QAM); m sys is the system margin ≈ 12 dB [16] ; and D Gb/s is the total system symbol transmission rate. And, this relationship is independent of whether using polarization multiplexing or not [15] . As a RoF downstream transmission line shown in Fig. 1 , the available OSNR of a 0.1-nm band at around 1550 nm at the optical receiver can be given by:
where P out is output power of distributed feedback laser (DFB) laser source up to 16 dBm. L MZM is optical excess loss of MZM with a typical value 7.75 dB for 4 channels multiplexing; L aligned is passive splitter loss (1:16) with a typical value 14 dB [10] ; L OBPF is optical band-pass filter loss with a typical value 3 dB; L TOF is tunable optical filter (or add/drop multiplexer) loss with a typical value 5 dB [17] ; and α span = 17dB is the loss of 85-km SSMF span (0.2 dB/km) [17] . For a typical EDFA, F EDFA is the EDFA noise figure due to the ASE noise with a typical value of 6 dB; G EDFA is the EDFA gain up to 20 dB. G Rx is receiver sensitivity no better than − 30 dBm for the avalanche photodiode (APD) [17] . Some other elements along the datapath of Fig. 1 may affect the end-to-end dB values, including circulator loss and array waveguide grating (AWG) loss, are jointly represented as L other , which takes a values of 5.76 dB. Note that although we have considered all possible elements to the best of our survey, there could be more elements along the data path that affect the dB values. The proposed power consumption model, nonetheless, is generic to a RoF system and can be easily expanded according to any addition upon the system. For the PDM-based RoF downstream transmission line in Fig. 2 , the available OSNR of a 0.1 nm band at around 1550 nm at the coherent receiver can be given by:
where P LO is output power of local oscillator (LO, DFB laser) at coherent receiver with value up to 16 dBm. G Co−Rx can achieve a sensitivity of − 45.9 dBm in LR-PON over 100-km SSMF by using coherent receiver without amplification [11] . L PDM is the PDM loss with a typical value 24.9 dB, including laser power splitter, MZM loss, AWG loss, polarization beam splitter, variable attenuator, and polarization beam combiner [16] .
Power consumption analysis
Based on the ESNR requirement simulated by MIMO-OFDM baseband model, we use an ideal ESNR-to-OSNR transfer function to derive the corresponding OSNR for supporting the ESNR requirement. The relation between the required ESNR and OSNR is provided based on some assumptions. The OSNR is further derived to calculate the required output power of laser source. Then, we propose the power consumption model for the optical part of RoF transmission system.
The general power consumption of optical transmitter P Tx (in Watt) is given by:
where γ DC is the power conversion efficiency of converting the +12 V DC power supply for transceiver modules with a value 93%; P map ≈ (0.019 · D)/log 2 (M) is the power consumption for signal mapping by different modulation level M; P P/S = 0.02 · D is the power consumption for parallel-to-serial (or serial-to-parallel) conversion; for a single digital-to-analog converter (DAC); P MZM ≈ 0.017 · D is the power consumption for a single-drive MZM; and P IFFT−CP−TS ≈ (0.16·D)/log 2 (M) is the power consumption for the IFFT, CP, and TS modules for 512 OFDM subcarriers [16] . n DAC and n MZM are the number of required DACs and MZMs by different RoF systems, respectively. The general power consumption of optical receiver P Rx (in Watt) is given by:
where P LO is the power consumption for the local oscillator (LO) at coherent receiver equals to the P laser ; P TIA = (0.0188 · D)/log 2 (M) is the power consumption of transimpedance amplifier with automatic gain control for current-to-voltage conversion; P PD ≈ 0.0028 · P CW · D is the power consumption for a single photodiode (PD);
is the power consumption for a single analog-to-digital converter (ADC); and
is the power consumption for the DSP module of signal post-processing at receiver for 100 km distance and 512 OFDM subcarriers [16] . n ADC and n PD are the number of required ADCs and photodiodes by different RoF systems, respectively. The power consumption of the laser P laser (in Watt) for downlink in CU is calculated by:
where P CW (in Watt) derived from P out (in dBm) is the laser continuous wave (CW) output power; D down is downstream data rate; and E Laser is the DFB laser energy consumption with a typical value as 1.5 pJ per bit for supporting up to 40 Gb/s [18] . For a ESNR value, P out is calculated based on (6), (7), or (8) by taking M as variables.
The power consumption of the laser equipped with driver (instead of MZM) P laserDr (in Watt) for uplink is calculated by:
where D up is the upstream data rate and E LaserDr is the energy consumption by the DFB laser with a typical value of 37 pJ per bit for supporting up to 40 Gb/s [18] .
The power consumption of a link EDFA P EDFA per wavelength is given by [16] :
where γ EDFA is the conversion efficiency of EDFA power with a value 2%; P EDFAoh is the power consumption of EDFA overhead with a value 0.69 W; h is a constant with 
Case study
Case study is conducted to demonstrate the energy efficiency of the proposed MIMO-RoF system. Our goal is to observe the performance of the proposed RoF system in terms of power consumption. We are particularly interested in how the system can satisfy a given transmission rate with minimum transmit power by manipulating its modulation level scheme. Without loss of generality, a single BS is connected. We set D down = 30 Gbps for downstream data transmission, and D up = 10 Gbps for upstream data transmission. Each RAU/BS supports two sectors, each being equipped with 2 antennas of a 2 × 2 MIMO configuration. By taking the required ESNR in baseband as the simulation parameter in each scenario, we implemented V-BLAST for improving capacity gain and STBC for maximizing spatial diversity in the MIMO processing unit. Each radio channel includes 512 subcarriers, and candidate modulation levels include QPSK (M = 4), 16-QAM (M = 16), 64-QAM (M = 64), and 256-QAM (M = 256). For calculating OSNR, the distribution range is taken as 85 km and 100 km for the current and future C-RAN scenarios, respectively. The required voltage difference V π applied to the electrode of single-drive MZM is in the range of 6.5 ∼ 10 due to the upper bound of available OSNR. The BER requirement without using FEC at the receiver is 10 −6 . The channel is assumed to be subject to AWGN and Rayleigh fading.
When V π of MZM is small as shown in Fig. 4 , the 256-QAM modulation suffers significantly more signal distortion from RoF downlink than that from uplink, while the lower modulation levels of downlink suffer about the same distortion as that of uplink. This is due to the difference of the MIMO-OFDM module at the BS and the antenna sides, respectively, where a larger ESNR is required for achieving the given data rate. Similar observation is gained when V π of MZM is large as shown in Fig. 5 , where the 64-QAM and 256-QAM modulations suffer more signal distortion from the RoF uplink than that from downlink, while the required ESNR of the lower modulations for downlink is only slightly affected.
For the current RoF system with small V π as in Fig. 4 , using a higher level of modulation can generally improve the power efficiency, thanks to the improved coding efficiency. However, using 256-QAM breaks such a trend by consuming significantly more power since at this moment, the high SNR requirement at the receiver for the higher coding rate (256-QAM) cannot be satisfied due to the constant attenuation of the transmission line. Thus, it has to resort to increasing the transmit power for better SNR. Note that the increase of transmit power and level of modulation also introduces the performance impairment by PAPR, which explains the big jump of the power consumption. This is still true with large V π as in Fig. 5 , where the highest power is consumed by QPSK, and the lowest power is also achieved by 16-QAM or 64-QAM. For the proposed RoF system, on the other hand, it shows that the most aggressive modulation scheme 256-QAM can be used for not only achieving the lowest power consumption in all cases for achieving the given data rate. This is due to the fact that the use of PDM and the PAPR reduction scheme can achieve better spectrum efficiency, such that the trend of higher-modulation-lower-power still holds when 256-QAM is being used. In summary, the proposed RoF system can save 27-69% power consumption compared with that of the current RoF system.
Conclusions
This paper introduced a novel adaptive radio-over-fiber (RoF) system for next-generation C-RAN in which energy consumption, capacity per wavelength, and distribution range are considered. By considering nonlinear distortion from both MZM and HPA, we first developed a 2 × 2 MIMO-OFDM baseband model for simulating the required ESNR of the RoF system. Then, we proposed a novel MIMO-RoF system for the next-generation C-RANs that can fit into the requirements of 5G mobile systems, where the OSNR analysis and its relation with ESNR was investigated. Lastly, a set of case studies was conducted aiming to observe the performance of the proposed RoF system in terms of its energy and bandwidth efficiency in presence of a given data rate. We demonstrated that the best energy efficiency and spectrum consumption can be achieved by using the most aggressive modulation format (256-QAM) with considerably less power consumption than the current RoF system.
